Abstract: Physical consequences of ionic diffusion processes play a major role on the outcome of electrophysiology experiments due to both their contribution to the ionic transmembrane transport and phenomena taking place at the measuring instruments interface. As most of the time heterogenities in biological media with respect to ionic diffusion constants are disregarded, we intended to look upon the general case of ionic diffusion at the interface of two liquids on which gradients of these diffusion constants no longer can be neglected. We developed a theoretical model for the diffusion potential which emerges at an aqueous interface under gradients of concentration and diffusion constants. The experimental validation of our model was achieved through potential difference measurements of the diffusion potential between two solutions containing sodium chloride (NaCl) and glycerine solutions of various concentrations. Within the studied domain of the electrical charge mobility ratio, we noticed that experimental results are in agreement with the theoretically inferred diffusion potential values. This demonstrates that the resulting relationship for the diffusion potential inferred from our model could be applied for other cases, as well. When the ionic solutions contains an indefinite quantity of glycerine or an unknown substance able to modify diffusion constants of sodium and chloride, it was shown that through measurements of the diffusion potential one can infer the unknown concentration of glycerine and the modified ionic mobility ratio. This, in turn, builds up the foundation for a novel yet simple and efficient analitycal sensing device for quantitative determination in the field.
Introduction
One of the most interesting phenomena taking place in fluids is diffusional transport of ions between phases in which microscopic parameters of transport vary among different ions involved and with the space coordinate (1, 2, 3) . For instance, it is common knowledge that when a concentration gradient is present, ions move down this gradient and, depending on the selectivity ratio of ions through the interface separating two media, a net separation of charge may build up (4, 5) . As a result of such a charge separation between the two media on which electrochemical transport sets in, a potential difference occurs, known as the Nernst potential. In order to facilitate mathematical description, the physical approach toward explaining the Nernst potential takes into account an oversimplified scenario in which out of a binary ionic solution in a polar solvent, usually water, only one ionic species permeates the interface (1) . Due to the existing concentration gradient, the permeating ion species will flow through the interface leaving behind an equal amount of net charge of opposite sign. Therefore, starting from a macroscopically neutral solution, a charge separation will occur across the interface. The ion transport will continue until the electrical force stemming from the separation of charge will be high enough so that the tendency to ions to move down their concentration gradient will be counter-balanced by the electrical force acting on them from the spatial build-up of the charge. This physical state will correspond to an equilibrium state of the system and translated mathematically as a null value of the ion flux through the interface. If, for the sake of brevity, we assume that cations only permeate the interface, their flux under the concerted action of a concentration gradient and an electrical force will be given by the Smoluchowski equation (1) . At equilibrium, when the cations flux ceases to exist, the resulting potential difference over the interface will be proportional to the ratio of the cations concentration on both sides of the interface. Purposely or not, one of the sensible assumptions made with respect to the above equation is that concentration of ions at the edges of the crossing interface equals those in the bulk solution. Under such conditions, the ionic solution is said to be well mixed and unstirred layers are overlooked. A more interesting physical situation arises when several ionic species diffuse freely across a boundary by virtue of their concentration gradients. Due to the difference in electrical mobility, ions will move with unequal average speeds, creating a region with a local non-zero charge density placed symmetrically with respect to the boundary between the two media. This, in turn, will give rise to an electrical field on that region, which will act on the moving charges. This phenomenon manifests itself by either slowing ions down or speeding them up, depending on the charge carried by individual ions, orientation of the concentration gradient, and anion/cation mobility ratio. For the particular case of a binary solution of sodium chloride, the anion/cation mobility ratio in water, at 298 K, is about 1.52. Therefore, in presence of a concentration gradient, chloride ions will initially move faster than their counterions. This assertion is true in part due to slightly lower hydrated radius of chloride ions in water (∼ 0.33 nm) as compared to that of sodium ions (∼ 0.36 nm) and therefore reflects the physical consequence of the Einstein-Stokes relation, which in our case states that the diffusion coefficient is inversely proportional to the radius of moving ions. The ensuing electrical field, which sets up on a limited spatial domain due to the spatial charge separation, will be oriented such that will tend to impede the further movement of chloride ions whereas the movement of sodium ions will be constantly speeded up. This will constitute the physical ground for an ongoing local charge separation. After a relatively short time, the electrical field will have grown to a maximal value corresponding to the physical scenario when separation of charge no longer takes place. Kinetically speaking, average speeds of both anions and cations are said to have become equal. Under the conditions depicted above, the potential difference measured between the two compartments containing sodium chloride at different concentration is usually referred to as the diffusion potential. The magnitude of the diffusion potential depends on the concentration ratio of sodium chloride from the two compartments, mobility ratio of the ions and temperature. When the evaluation of the diffusion potential is needed for certain biological or biochemical systems, it is a rather common practice to assume that identical ionic species possess similar mobilities on both sides of the interface they cross. An argument to sustain this assumption is that water's viscosity is similar throughout the system, so that friction forces experienced by alike ions will be similar everywhere. However, there are cases when this is not true; take for instance the example of a metal electrode dipped into a saturated sodium chloride agarose solution, which makes electrical contact with another compartment filled with aqueous solution of sodium chloride. This is the most common case encountered when working with bioelectrodes and unless proper experimental precautions are taken, the value of the diffusion potential along with that of the electrode potential need to be properly calculated and compensated for. As stressed above, due to the fact that ions have different mobilities in the agarose gel and distilled water, the mathematical formalism describing quantitatively the un-biased value of the diffusion potential should be properly adjusted. In this study, a theoretical model for the assessment of the diffussion potential which appears between two aqueous media characterised by different values of mobility ratios of the diffusing ions was developed. The accuracy check up of this model was achieved through experiments where in two aqueous media we used solutions of NaCl (0.5 M and 0.005 M), in the presence of different relative amounts of glycerine (0%, 10%, 20%, 30 %), and measured the value of the ensuing diffusion potential. Based on experimental data, it can be stated that on a limited domain of mobility ratios of the ionic species, the experimental results are in good agreement with the theoretical values predicted by theory. This, in turn, validates, within the range studied, the model of ionic diffusion between aqueous media with different diffusion-related properties. As a direct application of this verified model, one can think of an ionic solution containing an unknown quantity of glycerine or other unknown substance, and still be able to infer the glycerine concentration and the new ion mobility ratios on ions involved via relatively simple measurements of the diffusion potential.
Materials and Methods
For electrical recordings of diffusion potentials, it has been used a dedicated amplifier (EXT 10C, NPI, Germany) connected via Ag/AgCl electrodes to aqueous solutions between which ionic diffusion was facilitated via concentration gradients. Various dilutions of NaCl were prepared from a 2M stock solution. When measuring the diffusion potential, one should keep in mind the existence of electrode potentials at the two electrode/ionic solutions interfaces. Because the electrode potential of an Ag/AgCl wire depends solely on the concentration of chloride ions in the solution, for any given glycerine concentration in the two solutions, the electrode potential value remains constant. In the absence of glycerine, the total potential difference measured across the interface between media '1' and '2' caused by the ionic diffusion would be given by:
where V dif ussion stands for the potential difference caused by the ion diffusion between media '1' and '2' and ∆Ψ electrodes reflects the interfacial potential difference between the two Ag/AgCl electrodes and it is proportional to the chloride concentration ratio on the two chambers.
By doing experiments with known concentrations of salt in both chambers and making use of the formula which gives the predicted values for the diffusion potential (see theoretical treatment shown below), one could easily infer experimentally the actual value of the electrode potential (V total − V dif ussion ). If glycerine is present on one chamber and experimental conditions are chosen carefully so that the concentration of aqueous chloride remains unchanged upon glycerine addition, the new total potential difference measured would be:
where V glycerine dif ussion stands for the potential difference caused by the ion diffusion between media 1' and 2' in the presence of glycerine and ∆Ψ electrodes reflects the interfacial potential difference between the two Ag/AgCl electrodes, which is similar to the one from the previous case.
Having evaluated the interfacial potential difference between the two Ag/AgCl electrodes as described above, through simple subtraction of it from the expression (2),one arrives at the unbiased value of the diffusion potential value for the case when glycerine is present in the aqueous solution. In order to suppress spurious electrical interference, the measuring setup was properly grounded and enclosed into a home-made Faraday cage. All experiments were performed at a room temperature of ∼ 25
• C. Data acquisition of the amplified electrical signals was performed with a 12 bit resolution, DAS1601 A/D card (Keithley Instruments, Inc., USA) at a sampling frequency of 100 Hz. Data was then fed into a PC-compatible computer for further numerical analysis including time-domain low-pass filtering, spectral analysis and graphing, done mainly with the help of the Origin 6.0 (OriginLab Corporation, USA) and Matlab software (The Mathworks, Inc., USA).
Results and Discussion
The purpose of this paper was to find a method to determine the mobility ratios of certain ionic species from the aqueous solution of a given substance which is able to modify this parameter as compared to normal conditions. Thus, we developed a theoretical model starting from the premise that between two ionic solutions of the same substance, a diffusion potential will develop whose value depends on the ratio of the solutions concentration values and on the ratio of the mobilities of the given species. In the simplest case of ion diffusion between two media when diffusion coefficients do not vary across the interface separating the media, the potential difference existing in the system at the stationary state can be inferred as follows. Although more detailed methods do exist for the physical treatment of ionic diffusion in solution (6, 7, 8) , we resorted to the Smoluchowski treatment of mass transport taking place by virtue of concentration gradient and external force which exerts upon the diffusible particles. That is, one can write the following equations for the flux of cations and anions which diffuse freely across an interface:
In the equations above, J + , u + , C + , J − , u − , C − stand for the flux, electrical mobility and concentration of cations and anions, respectively, R for the general constant of ideal gases, T for the absolute temperature of the system, F for Faraday's constant and V for the electrical potential. For the sake of simplicity, we assume the diffusion to take place uni-dimensionally, along the 'x' axis. In the stationary state of the system, two important conditions are being fulfilled, which in fact make the system reach the stationary state:
In the equations above, condition (5) implies that at the stationary state there is no longer a net charge transfer across the interface, since both cations and anions move in the same direction with similar average speeds. Condition (6) is merely a straightforward physical consequence of (5), stating that at stationary state the net charge overall the system is zero. By combining equations 3-6, one arrives at the following expression:
By integration, an explicit expression for the diffusion potential across an interface separating two media over which ion diffusion takes place under conditions imposed above is derived:
From the above expression (8) it is easily seen that the sign of the potential difference between the two media depends upon the bulk concentration ratio of the ions and mobility ratio of anions and cations. In the particular case when in the two media electrical mobilities of cations and anions vary between themselves as well, a modified relationship must be derived for the value of the diffusion potential. Writing an identical set of equations for the cation and anion fluxes, but split over the two media, one can infer:
In equation (9), the flux of cations and anions is written as it would apply only for the medium '1', within which electrical mobilities of cations and anions, although different between themselves, do not vary with the distance measured on the 'x' axis. Accordingly, the gradients of concentration and potential entering equation (9) apply only for the medium '1'. Similarl rules apply for the medium '2', for which the average values of cation and anion fluxes are given by equation (10). In the stationary state, on both media '1' and '2' all fluxes are identical:
By using equations 9-11, and with the help of the electroneutrality condition valid in the stationary state, one can arrive at the expression describing the value of the diffusion potential which appears between two media over which concentration gradients of anions and cations exist, mobilities of anions and cations vary between themselves and on each medium, and diffusion of matter takes place:
(12) where: R represents the gas constant, T the absolute temperature of the environment, F the Faraday constant, C 1 and C 2 the concentration of the ionic solutions in the media '1' and '2', u In order to better assist us with visualizing how the generalized diffusion potential deduced above and expressed by equation (12) varies with the mobilities ratio of cations and anions in the media '1' and '2', we resorted to a 3-D surface representation of it (Fig.  1) . Fig. 1 Theoretical estimation of the diffusion potential which appears between two aqueous interfaces on which electrical mobilities of cations and anions differ on each aqueous solution. In this graph, p 1 and p 2 represent the mobility ratios of cations and anions in the media '1' and '2'.
Based on the expression (12) we established an experimental strategy to determine the mobility ratio of cations and anions corresponding to any of the solutions, provided that the same ratio is known in the other medium. In our experiments, for the first medium we used 0.5M NaCl solutions; the mobility ratio of the corresponding cations (Na + ) and anions (Cl − ) in water was inferred from he literature. As for the second medium, we water-dissolved NaCl at a final concentration of 0.005 M in the presence of different glycerine concentrations (0 %, 10 %, 20 %, 30 %). In the first type of experiments, NaCl solutions with the above-mentioned concentrations (0.5 M on one side and 0.005 M on the other) were set to have the same glycerine concentration. The diffusion potential was then recorded and the mobility ratio of Na + and Cl − in the presence of different glycerine concentrations (0 %, 10 %, 20 %, 30 %) was calculated by using formula 8. An important detail of such measurements which should not go overlooked is the presence of the electrode potential at the Ag/AgCl -ionic solution interface, which must be subtracted from the measured diffusion potential in order to accurately calculate the ionic ratio mobility. The numerical value of the electrode potential was inferred from experiments on which no glycerine was present in any of the media, by using the formula 9 and numerical values of the Na + and Cl − mobilities in water. Since the electrode potential was assumed to be dependent solely upon the relative concentration of chloride from the aqueous solution, the corresponding electrode-potential values were considered valid for cases when glycerine was dissolved in one of the media, as well. Therefore, the total potential difference values measured were corrected accordingly as to give as estimates of the diffusion potential component only. Fig. 2 The measured diffusion potential which appears between two aqueous solutions containing NaCl at a 1:100 ratio, when glycerine is present in both media at different relative concentrations (left panel) and the inferred values of the Na + /Cl − ions mobility ratio the same relative glycerine concentration (right panel). On both panels, continuous lines represent spline interpolations through the experimental data, denoted by symbols.
In Fig. 2 we show the calculated ratio of Na + and Cl − mobilities in water containing glycerine at various relative concentrations, based on experimental values of the diffusion potential values. These values were used in what follows, in order to verify the outcome of our theoretical treatment of the generalized diffusion potential for the particular case when in the two media electrical mobilities of cations and anions vary between themselves, as well (formula 12). For this purpose, we used a 0.5 M NaCl solution in one medium and in the other one, which contained 0.005 M NaCl, we dissolved glycerine at increasing relative concentrations (0 %, 10 %, 20 %, 30 %). The diffusion potential recorded under such conditions is shown below (Fig. 3) , with the bias brought about by the electrode potential corrected for. This correction was done as described in the 'Materials and Method' section.
As expected from our theoretical treatment (formula 12), we noticed an increase in the diffusion potential as we increase the glycerine concentration. From data presented above (Fig. 2) , we have shown that increasing concentrations of glycerine lead to a decrease in the cation/anion mobility ratios. By knowing how the cation/anion mobility ratio changes at various relative concentrations of glycerine (Fig. 2) , we were able to test our theoretical prediction of how the diffusion potential changes under such circumstances against experimental evidence (Fig. 4) .
It is easily noticed that within the studied range of cation/anion mobility ratio imposed by various glycerine concentrations, the experimental results with respect to the value of the diffusion potential correspond quite well to the theoretical values deduced from our theory. This in turn validates our theoretical treatment of the diffusion potential which appears between two media on which ion electric mobilities vary between 4 The variation of the diffusion potential between two solution containing NaCl at a (1:100 ratio) with the value of the cation/anion mobility ratio, corresponding to the case when different glycerine concentrations are present on one site of the system (dashed line). The theoretical prediction of the same phenomenon based on our theoretical treatment (see text) is reflected by the continuous line.
themselves and with the viscosity of the aqueous solution. As a direct application of our verified model, we can think of an ionic solution containing an unknown quantity of glycerine or other unknown substance, and still be able to infer the glycerine concentration and the new ion mobility ratios on ions involved via relatively simple measurements of the diffusion potential. This could be therefore employed as a very simple, yet efficient analitycal sensing device for quantitative determination in the field.
